Objective: The purpose of this systematic review and meta-analysis was to examine the effect of health information technology (HIT) diabetes self-management education (DSME) interventions on glycemic control in medically underserved patients. Materials and Methods: Following an a priori protocol, 5 databases were searched. Studies were appraised for quality using the Cochrane Risk of Bias assessment. Studies reporting either hemoglobin A1c pre-and post-intervention or its change at 6 or 12 months were eligible for inclusion in the meta-analysis using random effects models. Results: Thirteen studies met the criteria for the systematic review and 10 for the meta-analysis and represent data from 3257 adults with diabetes (mean age 55 years; 66% female; 74% racial/ethnic minorities). Most studies (n ¼ 10) reflected an unclear risk of bias. Interventions varied by HIT type: computer software without Internet (n ¼ 2), cellular/automated telephone (n ¼ 4), Internet-based (n ¼ 4), and telemedicine/telehealth (n ¼ 3). Pooled A1c decreases were found at 6 months (À0. 
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To address these barriers, the National Institutes of Health created a Clear Communication initiative to establish plain-language approaches to incorporating both cultural respect and new technologies to overcome issues related to low health literacy. 23 Research has identified that low health literacy undermines the comprehension and self-efficacy needed for health self-management. 24, 25 For medically underserved populations, consideration of literacy and culture is imperative when developing effective DSME interventions. Health centers, a primary source of care for medically underserved patients, struggle with limited funding, time constraints, and staffing shortages that make access to and tailoring of DSME difficult. 26, 27 Development of effective but low-cost DSME interventions is needed to improve access. One timely solution may be the use of health information technology (HIT). Increased adoption of technologies by groups that previously had little or no access makes HIT an increasingly viable option for medically underserved populations. In 2011, 4 out of 5 Americans used the Internet, with African Americans and Hispanics almost as likely as non-Hispanic whites to report usage. Ownership of mobile phones and Internet-enabled phones by minorities, those with no college experience, and those with lower household incomes is also increasing. 28 Studies have shown a high level of willingness among patients, especially those in rural areas, to use HIT along with or in lieu of traditional care.
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OBJECTIVE
Prior systematic reviews [34] [35] [36] [37] and meta-analyses [38] [39] [40] [41] have examined HIT DSME interventions in adults with T2DM and found modest but clinically significant A1c reductions between 0.2% 38, 39 and 0.8% 41 at 6 months. While non-technology-based DSME interventions in medically underserved groups have demonstrated improvement in glycemic control, with pooled A1c reductions between 0.25% 42 to 0.31%, 4 the benefit of HIT DSME in these populations has not been formally examined. The aim of this systematic review and meta-analysis is to investigate the effect of HIT DSME on glycemic control in medically underserved adults with diabetes.
MATERIALS AND METHODS
Information sources and search strategy
Following an a priori protocol registered in PROSPERO 43 and the Preferred Reporting Items for Systematic Reviews and Meta-Analysis guidelines, 44 we searched 5 electronic databases: Association for
Computing Machinery, Cumulative Index of Nursing and Allied Health Literature, Embase, MEDLINE, and PsychINFO. The search strategy for each database, created in consultation with a research librarian, is found in the Supplementary Appendix. When the database permitted, all results were limited to randomized controlled trials (RCTs). The search was not restricted by year of publication. One reviewer (EH) hand searched the reference lists of all studies included in the final sample as well as the tables of contents of issues of Diabetes Care from 2000-2015 to ensure capture of all pertinent publications.
Eligibility criteria
Studies were included if the patients in the sample were (1) medically underserved (!51% of the sample meeting federal poverty guidelines 45 or racial/ethnic minorities or residing in a rural area), (2) 19 years or older, and (3) diagnosed with T2DM or a mixed sample of both diabetes types 1 and 2, and if the DSME intervention (4) addressed at least 1 AADE self-care behavior, (5) utilized HIT, and (6) measured A1c as a study outcome. Additional criteria for inclusion were (7) RCT study design, and (8) published in English or Spanish. Studies were excluded if the sample, DSME intervention, study design, or language did not meet the above criteria. Any duplicate publications using the same sample, opinion pieces, literature reviews, other systematic reviews and meta-analyses, or articles published in non-peer-reviewed journals were also excluded.
Data screening, extraction, and synthesis
Covidence, an Internet-based software, was used to facilitate study screening. 46 Two reviewers (EH and JT) completed the title and abstract and full-text screening, with a third reviewer (AS) resolving disputes. Data relevant to study setting, sample characteristics, interventions, and A1c outcomes were extracted from the final sample. Information about the sample included the sample size and patients' gender, age, diabetes duration, race/ethnicity, income, and location of residence. Information about the interventions included duration, languages offered, theoretical framework used, AADE self-care behavior(s) addressed, subject attrition, and if participant or staff training was available. Intervention information allowed for categorization by type of HIT. 47 
Methodological quality assessment of studies
Each study was appraised for quality by 2 reviewers (EH, JT) using the Cochrane Collaboration Risk of Bias Tool. 48 This instrument covers 6 domains of bias (selection, performance, detection, attrition, reporting, and other), with each scored as low, high, or unclear risk. When psychological or behavioral interventions are tested in RCTs, it is important to internal validity that the control group receive the same level of attention (attention control) as the intervention. 49 Therefore, we utilized the domain "other bias" to examine whether attention control conditions were provided. Studies that reported using an attention control were rated as low risk of bias. Those that either reported usual care or were unclear regarding what the control group received were rated as high risk. Domain scores were pooled to determine an overall score of low, unclear, or high risk of bias for each study. 48 Any discrepancies between assessors were discussed until consensus was reached.
Quantitative synthesis
Studies reporting mean A1c pre-and post-intervention or its change at 6 or 12 months with either standard deviation or standard error were eligible for meta-analysis inclusion. These time intervals were chosen because they were the most frequently measured across studies. When A1c variability was presented as standard error, the standard error was converted to standard deviation. 50 Study authors were contacted for additional information if needed. We considered a negative effect (greater decrease in A1c) as indicative of favoring the intervention. A standardized effect size for each study and a pooled A1c effect across studies was computed using a random effects meta-analytic model. For calculation of effect size, we estimated a moderate correlation (0.6 pre/post A1c) based on published reports 51 and conducted a sensitivity analysis over a range of correlations (0.5-0.75). Heterogeneity of each model was assessed using Cochran's Q and I 2 statistics. We considered heterogeneity to be greater than expected by chance alone if either the Cochran Q showed P < .05 or the I 2 statistic was !50%. 52 To assess publication bias, we conducted a failsafe N test and visually inspected funnel plots. Data were analyzed using Comprehensive Meta-analysis version 3 statistical software. 53 Figure 1 depicts the results of the search and study selection process. Figure 2 illustrates the quality of the included studies. Most studies received a low risk score for their random sequence generation 54, [56] [57] [58] [59] [60] [61] 63, 66 ; however, only 1 study reported method of allocation concealment. 57 While blinding of participants, personnel, and the outcome assessment was reported in only 3 of the 13 studies, 57, 61, 65 we deemed all studies to be at low risk for performance and detection bias, since the outcome, glycemic control, and its measurement are not likely to be influenced by lack of blinding. Four studies had subject attrition <20% over the duration of the study. [57] [58] [59] 66 Regarding "other bias," the majority of studies were rated as high risk of bias, as the control groups received usual care only. 54, [58] [59] [60] [61] [62] 65, 66 Those employing an attention control group achieved this by providing usual care plus in-person individual DSME using printed materials, 55, 57, 63 multiple-choice quizzes, 56 or a mix of in-person group and individual DSME. 64 Of the 13 studies, only 1 received an overall score of low risk of bias. Most studies were conducted in primary care settings serving low-income populations, such as federally qualified health centers, 55, 57, 64, 65 public clinics, or community health centers. 56, 62, 63, 66 Two samples were recruited from rural areas, with patients residing in either a medically underserved area or health professional shortage area. 55, 65 All studies were conducted in the United States and published in English. 65 In studies that used telephone technologies, DSME was administered by either text message or automated calls to either cellular 61 All Internet-based technologies used websites to provide DSME to study participants. 57, 60, 63, 64 All telemedicine/telehealth interventions featured interactive videoconferencing appointments. 54, 55, 65 The most common functions seen in these interventions were tracking and viewing of patient data, 54,55,65 messaging with providers, 54, 65 and patient access to ed- There were 2 computer software interventions that did not use the Internet. 56, 59 One consisted of a set of educational modules used in clinic waiting rooms. 56 The other created a tailored action plan and goals based on subject responses to a study enrollment questionnaire. Follow-up consisted of a phone call with a diabetes educator. Physicians also received a report regarding their patients' progress. 59 There were no commonalities seen in the functions of these technologies. Intervention tailoring focused on language, literacy, and culture. Seven interventions were offered in Spanish 56,57,62-66 and 2 in Cantonese. 62, 66 Three studies reported cultural tailoring 56, 62, 64 and low-literacy considerations. 55, 62, 64 One study reported training staff on communication for low-literacy populations. 65 In another study, the intervention was tailored to the subject's level of computer experience. 56 Across technologies, interventions included administrative aspects completed by the educator, research coordinator, or clinician that were not included as part of the technology. For example, of 5 studies that included subject goal setting, 57, 59, 62, 65, 66 2 had tracking and follow-up of goals completed by study staff. 57, 59 Half of the studies reported how subject access to technology was handled. 54, 56, 60, 61, 65, 66 In 3 studies, subjects received a smartphone 61 or computer. 54, 65 In an Internet-based study, subjects were recruited solely via the Internet, 60 and in another, owning a phone was an inclusion criterion. 66 One computer software intervention was only available in clinic waiting rooms and a computer kiosk was provided for patient use.
RESULTS
Search results
Risk of bias
Functionalities of technology applications
56
Only 1 study detailed subject training and technology usability. 65 Training consisted of a simultaneous shared visual and audio interaction between trainer and subject that was conducted remotely. This was found to be effective at facilitating patients' use of the intervention 67 ; however, this study did not report how long the training or any follow-up assistance took. Evaluation of usability was completed by all study participants and showed that numeracy and psychomotor skills are potential barriers to use. 68 None of the other studies reported information on subject training or provided participant evaluations regarding the usability of their technology.
Comprehensiveness of self-care behaviors addressed
Eight studies addressed at least 6 of the 7 self-care behaviors required for comprehensive DSME. 55 Table 3 provides details regarding glycemic outcomes for each study. In addition to A1c, psychosocial and physiologic outcomes were measured in all studies. Interventions improved psychosocial outcomes such as diabetes self-efficacy, 60 satisfaction with medication information, 57 patient activation or ability to manage one's health, 60 and overall self-care behaviors. 62, 66 Further, intervention subjects had small but statistically significant decreases in diabetes distress 57, 64 and number of days they reported spending "most of the day in bed due to health problems" per month. 66 There were no significant changes in depression, 60,61,63 64 diabetes knowledge, 56, 57 or medication adherence 57,58 between groups. Of the studies that examined physiologic and anthropometric outcomes, [54] [55] [56] 59, [61] [62] [63] [64] [65] intervention subjects had greater decreases in blood pressure, 65 LDL cholesterol, 55, 65 and body mass index 54 compared to control subjects.
Quantitative results
Data from 1055 and 2112 underserved adults with diabetes were included in the meta-analysis at 6 and 12 months, respectively. Change from baseline A1c. Figure 3 displays the forest plots of A1c change at each time point. Using a random effects model, the pooled decrease in A1c across studies at 6 months was À0.36 (95% CI, À0.53, À0.19; The funnel plot examining publication bias of all studies included at 12 months, displayed as Figure 4 , demonstrates relative symmetry, suggesting that publication bias is not present. The failsafe N test, suggesting that an additional 31 studies would have to be added before the loss of statistical significance was achieved, supports this interpretation.
DISCUSSION
Findings of this systematic review and meta-analysis suggest that participation in HIT DSME interventions leads to small but statistically significant improvement in glycemic control in medically underserved patients with diabetes, with greater effect at 6 months. These improvements are similar to those reported for both face-to-face DSME 11, 13 and HIT DSME 38, 40, 41 in the broader population and non-technology DSME interventions in the underserved population. 4, 42 While these decreases in A1c appear small, evidence suggests they are meaningful, as every 1% decrease over a 10-year period is associated with a risk reduction of 21% for diabetes-related deaths and 37% for microvascular complications. 69, 70 Collectively, these findings suggest that HIT DSME is as effective as education delivered in person for these hardto-reach and vulnerable populations. Examination of A1c reduction by technology type suggests that DSME Internet interventions were the most successful at reducing A1c; however, this finding should be interpreted with some caution given the limited number of studies in each subtype. These exploratory findings present the current state of the science and should be used to facilitate further work.
These findings provide valuable insight that should be applied to the development of future HIT DSME for medically underserved patients to maximize their benefit. The clearest commonality of successful interventions was incorporation of a human interaction element similar to in-person DSME, which can be seen in both the Internet-based and telemedicine/telehealth subtypes. Of the Internet-based interventions, 2 of the 4 were successful in reducing A1c in medically underserved patients. 63, 64 In these studies, faceto-face DSME was not replaced, but self-management tools such as generation of an action plan, alerts, and reminders were provided for the educator. In these interventions, the technology facilitated ways for educators to better help patients engage with their selfmanagement. One area for researchers and developers to explore is whether the addition of a support group and/or messaging with educators would add sufficient human interaction to also achieve results. The telemedicine/telehealth 54, 55, 65 group also included human interaction through personalized video sessions with an educator, which was the foundation of these interventions. All telemedicine/ telehealth interventions improved glycemic control. Other functions, such as tracking and reviewing personal monitoring of daily blood glucose and food diary values and online patient educational modules or resources, likely also contributed to positive results, as these activities are included in successful in-person DSME. Routine meetings with an educator, even from a distance, maintains active engagement and holds patients to a higher level of accountability compared to an automated telephone call. All of these interventions included tailoring, which likely impacted patients' success, as medically underserved patients have specific needs with regard to literacy, numeracy, and cultural considerations. 54, 55, 65 The interventions using non-Internet computer software did not offer many features or ways for patients to interact during DSME. 56, 59 It remains unclear whether these software programs are capable of comprehensively delivering DSME. Given the inability to facilitate communication or provide interaction with an educator or mentor, this technology does not appear to be an appropriate platform to be the sole provider of DSME. A computer program to augment learning as an adjunct to in-person sessions or software developed to assist educators with DSME might be a way to derive the most benefit from this technology type. Cellular/automated telephone interventions depending heavily on automation were the least successful type. While 3 61, 62, 66 of the 4 studies in this group also included functions such as generation of an action/treatment plan that were successfully employed in other interventions, it may be that the salient feature of DSME automation diminished their success. Of note, none of the included studies examined apps (applications) built for smartphones or used tools like video-based calling, which could be a powerful mechanism for HIT DSME as medically underserved patients increasingly use smartphones. 28 Future cellular/automated telephone interventions should focus on providing ways to actively engage patients with DSME. Across technology types, tailoring was present in most successful HIT DSME interventions. [54] [55] [56] [57] 59, [62] [63] [64] [65] While many interventions were offered in more than 1 language, other forms of tailoring were less frequently reported. Tailoring to literacy and numeracy along with language must be incorporated into the design of future HIT interventions for medically underserved patients. While most self-care behaviors were included in the majority of interventions, problem-solving was commonly absent. Prior research has clarified the importance of problem-solving in diabetes management. [71] [72] [73] Failure to include this behavior could be due to numerous factors, including the difficulty of teaching problem-solving, barriers or special considerations that need to be addressed when teaching this skill, and the ability of each technology platform to support it.
Future developers of HIT DSME should incorporate strategies that model the face-to-face problem-solving approach into their design: dialoguing, patient-directed question asking, modeling, joint prioritizing, and collaboration. 74 Many interventions relied on study staff to complete aspects of the intervention that were not built into the technology, such as goal tracking and progress. 57, 59, 62, 66 Developers have the ability to remedy this problem. Early in the creation process, the need for exterior resources such as staff time must be considered. While incorporating educators and clinicians into HIT interventions was shown to be more successful, ensuring that the technology does not create more work for staff is critical. Researchers who do not consider what translating HIT interventions into the clinical setting would require are missing an important factor that will negatively affect large-scale adoption. In order to create successful HIT DSME interventions for medically underserved patients, developers should ensure that the technology does 2 things: (1) it is enriched with features that mirror inperson DSME for the patient and (2) it is complete and does not create an unnecessary burden for providers or educators. By including features that focus on individual tailoring, personalized feedback, and meaningful engagement, HIT DSME has great potential for medically underserved patients.
Limitations
This systematic review and meta-analysis has limitations. The search was limited to only published peer-reviewed studies and no gray literature was included. Finally, while all attempts to create a comprehensive search were made, our query could have missed key terms that limited study retrieval.
CONCLUSION
Findings from this systematic review and meta-analysis demonstrate that HIT DSME interventions have a beneficial effect on glycemic control in medically underserved adults with diabetes. On average, effects were largest with interventions employing telemedicine/telehealth. Future work should focus on creating HIT DSME technology applications developed specifically for medically underserved patients that foster active ongoing patient engagement and address all self-care behaviors to improve both access to DSME and diabetes outcomes. 
